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Abstract: 8 
The Raman spectra of a series of related minerals of the pinakiolite group of 9 
minerals have been collected and the spectra related to the mineral structure. 10 
These minerals are based upon an isolated BO33- ion.  The site symmetry is 11 
reduced from D3h to C1.    Intense Raman bands are observed for the minerals 12 
takeuchiite, pinakiolite, fredrikssonite and azoproite at 1084, 1086, 1086 and 13 
1086 cm-1.  These bands are assigned to the ν1 BO33- symmetric stretching 14 
mode.  Low intensity Raman bands are observed for the minerals at 1345, 15 
1748; 1435, 1748; 1435, 1750; 1436, 1749 cm-1.  One probable assignment is to 16 
ν3 BO33- antisymmetric stretching mode. Intense Raman bands of takeuchiite, 17 
pinakiolite, fredrikssonite and azoproite at 712 cm-1 attributed to the ν2 out-of-18 
plane bending mode.  Importantly, through the comparison of the Raman 19 
spectra, the molecular structure of borate minerals with ill-defined structures 20 
can be obtained. 21 
 22 
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INTRODUCTION 28 
 29 
 A group of anhydrous borates have been selected for Raman spectroscopic analysis 30 
namely azoproite 1-3 Mg1.5Fe2+0.5Fe3+0.6Ti0.3Mg0.1BO5, fredrikssonite 4-7 31 
Mg2Mn3+0.5Fe3+0.5O2(BO3), pinakiolite 6, 8-12 Mg2Mn3+O2(BO3) and takeuchiite 13-15 32 
Mg2Mn3+O2(BO3) 16. The reason for the selection of these minerals for Raman spectroscopic 33 
analysis is that the minerals are black or deep red-black 16. The minerals are in the main 34 
orthorhombic and the space group and point group are listed in Table 1.  The minerals are all 35 
members of the pinakiolite mineral group. The minerals form a homologous series of 36 
oxyborates based on the formula (Mg,Mn2+)2(Mn3+, Sb5+)BO5.   According to Farmer 17 (page 37 
212), the mineral pinakiolite contains isolated orthoborate ions and it is predicted that the 38 
(BO3)3-  would be of D3h symmetry and therefore the vibrational spectra should be simple. 39 
However the site symmetries of many borate minerals are reduced to either Cs or C1 17.  For 40 
many orthoborate minerals the spectrum will be that of the free ion and therefore under C3h 41 
site symmetry only the A1’ and Eg modes will be Raman active.  42 
 43 
Raman spectroscopy has proven very useful for the study of minerals 18-25.  Indeed 44 
Raman spectroscopy has proven most useful for the study of diagentically related minerals as 45 
often occurs with borate minerals. Some previous studies have been undertaken by the 46 
authors using Raman spectroscopy to study complex secondary minerals formed by 47 
crystallisation from concentrated solutions.  Very few Raman spectroscopic studies of the 48 
borate minerals have been forthcoming and what studies that are available are not new. Few 49 
Raman studies of any note are available.  The aim of this paper is to present Raman spectra of 50 
selected borate minerals listed above and to relate the Raman spectra to the molecular 51 
structure of the mineral.   The paper is a part of systematic studies of vibrational spectra of 52 
minerals and their synthetic analogs.         53 
 54 
EXPERIMENTAL 55 
Minerals 56 
 57 
The minerals, their formula and origin used in this study are listed in Table 1. The 58 
minerals are labelled by number rather than by cation as most of the minerals contain a 59 
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complex mixture of cations. Selected minerals were obtained from the Mineralogical 60 
Research Company and other sources including Museum Victoria.   61 
 62 
Raman microprobe spectroscopy 63 
 64 
The crystals of the borate minerals were placed and orientated on the stage of an 65 
Olympus BHSM microscope, equipped with 10x and 50x objectives and part of a Renishaw 66 
1000 Raman microscope system, which also includes a monochromator, a filter system and a 67 
Charge Coupled Device (CCD). Raman spectra were excited by a HeNe laser (633 nm) at a 68 
resolution of 3.5 cm-1 in the range between 100 and 4000  69 
cm-1.  Measurements were made at ambient temperature which is set at 25 °C. Repeated 70 
acquisition using the highest magnification was accumulated to improve the signal to noise 71 
ratio. Spectra were calibrated using the 520.5 cm-1 line of a silicon wafer. Previous studies by 72 
the authors provide more details of the experimental technique 26-29.  73 
 74 
Band component analysis was undertaken using the Jandel ‘Peakfit’ software 75 
package, which enabled the type of fitting, function to be selected and allows specific 76 
parameters to be fixed or varied accordingly. Band fitting was done using a Lorentz-Gauss 77 
cross-product function with the minimum number of component bands used for the fitting 78 
process. The Lorentz-Gauss ratio was maintained at values greater than 0.7 and fitting was 79 
undertaken until reproducible results were obtained with squared correlations of r2 greater 80 
than 0.995. 81 
 82 
RESULTS AND DISCUSSION 83 
 84 
Background 85 
 86 
 According to Ross in Farmer’s book 17, the coordination of anions around boron will 87 
be either a triangle or tetrahedron.  Based upon this concept, polynuclear anions can be 88 
formed from these coordination polyhedra by corner sharing. Ross states that infrared 89 
spectroscopy can be diagnostic of 3 or 4 coordinated boron. Minerals may be classified as to 90 
whether the mineral (a) 3-coordinate (b) 4 coordinate (c) both 3 and 4 coordinate.  Subgroups 91 
of boron containing minerals and compounds may be further divided according to the 92 
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following subgroups (a) BO33- (b) B2O54- called polyborates (c) BO2- known as metaborate 93 
and infinite chains derived from this group (d) ring metaborates (B3O6)3- (e) B(OH)3 and 94 
B(OH,F)3 (f) B3O3(OH)3.  95 
 96 
 Many inorganic borates contain the BO33- ion.  This means the ion will have D3h 97 
symmetry and four fundamental vibrations and the borate anion will have four fundamental 98 
vibrational modes: A1’ (Raman active), A2” (IR active) 2E’ (IR and Raman active). According 99 
to Ross 17 in all solid inorganic borates, the A1’ vibrational mode can become infrared active 100 
apart from in borates which have a calcite structure. Further the two E’ modes will split 101 
owing to the occupation of sites of less than 3-fold symmetry by the borate anion.  For 102 
orthoborates 17, the ν1  A1’ symmetric stretching mode occurs between 870 and 945 cm-1;  the 103 
ν3 antisymmetric stretching mode can be found between 1020 and 1285 cm-1; the ν3 out-of-104 
plane bend occurs between 676 and 810 cm-1;  the ν4 bending mode is observed between 570 105 
and 672 cm-1. The mineral pinakiolite contains isolated borate anions and therefore should 106 
have bands in the defined regions.   107 
 108 
Raman Spectroscopy 109 
 110 
 The Raman spectra of azoproite, fredrikssonite pinakiolite and takeuschite are shown 111 
in Fig. 1 where the full spectrum is shown exhibiting the relative intensities of the Raman 112 
bands. The spectral data is reported in the supplementary information Table S1. The Raman 113 
spectra of azoproite, fredrikssonite, pinakiolite and takeuchiite in the 1000 to 1200 cm-1 114 
region are shown in Fig. 2.   Intense Raman bands are observed for the minerals takeuchiite, 115 
pinakiolite, frederickssonite and azoproite at 1084, 1086, 1086 and 1086 cm-1 respectively.  116 
These bands are very sharp with bandwidths (as HWHM) of 4.2 cm-1.  This band is assigned 117 
to the ν1 BO33- symmetric stretching mode. It is apparent that because of the very close 118 
similarity of the spectra, that each of the aforementioned minerals contains isolated borate 119 
anions.  Farmer 17 reported the infrared spectrum of pinakiolite and gave a peak position in 120 
the infrared spectrum of 962 cm-1. For the mineral pinakiolite the site symmetry is reduced 121 
from D3h to C1.   Low intensity Raman bands (Fig. 3) are observed for the minerals 122 
takeuchiite, pinakiolite, frederickssonite and azoproite at 1345 and 1748, 1435 and 1748, 123 
1435 and 1750, 1436 and 1749 cm-1 respectively.  One probable assignment of these Raman 124 
bands is to ν3 BO33- antisymmetric stretching mode. Farmer 17 reported the band positions 125 
based upon the infrared spectrum of pinakiolite at 1210 and 1280 cm-1.   126 
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 127 
Intense Raman bands are observed for the minerals takeuchiite, pinakiolite, frederickssonite 128 
and azoproite at 712 cm-1 (Fig. 4).  This band is assigned to the ν2 out-of-plane bending 129 
mode.  Ross 17 reported the infrared band assigned to this vibrational mode at 730 cm-1. Ross 130 
also reported infrared bands for pinakiolite at 570 and 610 cm-1 which were assigned to the ν4 131 
bending modes.  These bands were not observed in the Raman spectra. Strong Raman bands 132 
(Fig. 5) are observed for the minerals takeuchiite, pinakiolite, frederickssonite and azoproite 133 
at 155 and 281 cm-1.   The bands may be related to Mn/MnO stretching and bending 134 
vibrations.  135 
CONCLUSIONS  136 
 137 
The Raman spectra of a series of homologous borates including takeuchiite, pinakiolite, 138 
frederickssonite and azoproite have been collected, studied and related to the molecular 139 
structure of the minerals. The structure of the pinakiolite minerals depends upon the isolated 140 
borate anion, the symmetry of which is reduced from D3h to C1.  Importantly, through the 141 
comparison of the Raman spectra, the molecular structure of these borate minerals with ill-142 
defined structures can be obtained.  Raman spectroscopy alone is not able to distinguish 143 
between these minerals. The differences in the band positions are less than 1 cm-1 which is 144 
below the resolution of the instrument 145 
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 194 
Mineral* Azoproite Frederikssonite Pinakiolite Takeuchiite 
Formula Mg1.5Fe2+0.5Fe3+0.6Ti0.3Mg0.1BO5 Mg2Mn3+0.5Fe3+0.5O2(BO3) Mg2Mn3+O2(BO3) Mg2Mn3+O2(BO3)
Origin Tazheran, Eastern Siberia, 
Russia 
Langban, Sweden Langban, Sweden Langban, Sweden 
Crystal 
data 
orthorhombic orthorhombic Monoclinic-
pseudo 
orthorhombic 
orthorhombic 
Space 
group 
Pbam Pbam C2/m Pnnm 
Point 
group 
2/m 2/m 2/m 2/m 2/m 2/m 2/m 2/m 2/m 2/m 
 195 
* data taken from reference 16 196 
 197 
 198 
Table 1  Selected borate minerals, their formula, origin and space group and point group 199 
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